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Antimicrobial propertiesAbstract Polyaniline (PANI) doped with nitro compounds such as 2,4,6-trinitrophenol i.e., picric
acid, 3,5-dinitrobenzoic acid and hydrochloric acid in the emeraldine salt form was synthesized by
chemical oxidative polymerization. Polyaniline emeraldine base (PANIEB) was prepared by dedop-
ing polyaniline chloride (PANICl). The as-synthesized PANIs were characterized by Fourier trans-
form infrared (FT-IR), powder X-ray diffraction (XRD), scanning electron microscopy (SEM)
and UV–Visible spectra. The size of PANI particles varied from 2 to 70 nm, and the average particle
size was around 40 nm. The crystallinity of PANI improved when doped with nitro compounds. The
in vitro antimicrobial properties of the PANI against various gram negative, gram positive bacteria
and fungus Candida albicans were evaluated using agar well diffusion method. The antibacterial
effects were assessed from the diameter of zone of inhibition and minimum inhibitory concentration
values. The test results indicated that doped PANIs had enhanced antimicrobial efficacy compared to
PANIEB. The mechanism of antimicrobial effects of PANI was also proposed. PANI-3,5-
dinitrobenzoate (PANIDN) was found to exhibit two times lower antibacterial activity compared
to 3,5-dinitrobenzoic acid, thereby indicating the suitability of doped PANI for slow drug release
when used as tissue implants.
 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is
an open access article under theCCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The search for new synthetic chemicals with high antimicrobial activ-
ities continues unabated. The discoveries of antimicrobial drugs are
necessary, as the pathogens become resistant to already existing drugsin vogue. Polymers with antimicrobial properties are widely employed
in the fields of health care, pharmacy, food packaging and tissue
implants (Gizdavic-Nikolaidis et al., 2010a). The low cytotoxicity
and biocompatibility of polymeric materials (Saikia et al., 2010) have
led to the potential use of polymers in biomedicine. Among the var-
ious types of polymers, conducting polymers are of great interest in
biomedical applications due to good cellular response (Balint et al.,
2014; Nam et al., 2014). Polyaniline (PANI) is especially attractive
due to its electroactivity, easy synthesis and doping–dedoping chem-
istry (Syed and Dinesan, 1991). It is widely used in biosensors, neural
probes, controlled drug delivery systems and tissue engineering mate-
rials. (Balint et al., 2014; Banerjee et al., 2010; Gizdavic-Nikolaidis
et al., 2004, 2010b; Li et al., 2006; Wei and Ivaska, 2006).urnal of
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Scheme 1 (a) Chemical oxidative polymerization; (b) dedoping of PANICl to PANIEB.
Table 1 FT-IR spectral results of polyaniline emeraldine salts and base (PANIX).
PANIX NAH
str
Ar CAH
str /NHþ2
C‚N+ C‚O
str
N‚Q‚N
str
N‚B‚N
str
CN
str
Ar CANAC
bending
CAH
bending
CAC ring
deformation
CANAC
torsion
Wavenumbers (cm1)
PANIPI 3425,
3246
3080–2827 2800–
2400
– 1588 1491 1300 1137 797 699 504
PANIDN 3224 3050–3000 2600–
2400
1708 1568 1495 1294 1108 815 721, 614 507
PANICl 3395,
3228
3010–3000 2500–
2373
– 1579 1495 1299 1147 811 699, 610 503
PANIEB 3431 2822 2301 – 1589 1498 1348 1159 827 771, 696 522
2 C. Dhivya et al.The antibacterial properties of PANIs (Seshadri and Baht, 2005;
Shi et al., 2006), PANI colloids (Kucekova et al., 2014), PANI doped
with citric acid (Mu et al., 2013), functionalized PANIs (Gizdavic-
Nikolaidis et al., 2011) and aniline copolymers (Gizdavic-Nikolaidis
et al., 2010a) have been probed. Escherichia coli and Staphylococcus
aureus are effectively controlled by PANI composites such as Ag–
PANI (Kucekova et al., 2013), PVA/PANI–Ag (Ghaffari-
Moghaddam and Eslahi, 2014) and PANI-mupirocin (Jotiram et al.,
2012). Picric acid and 3,5-dinitrobenzoic acid have been reported to
form charge transfer complexes with fluoroquinolone drugs such as
norfloxacin and ciprofloxacin (Refat et al., 2011). Although, several
works on the antimicrobial effects of PANI composites have been
reported, a survey of literature has indicated that no such work has
been carried out on PANI doped with nitro compounds. Hence, in
the present work, the antimicrobial efficacies of polyaniline picrate
(PANIPI) (Deepa et al., 2014; Dhivya et al., 2013, 2014),
polyaniline-3,5-dinitrobenzoate (PANIDN), polyaniline chloride
(PANICl) and polyaniline emeraldine base (PANIEB) are evaluated.Please cite this article in press as: Dhivya, C. et al., Antimicrobial activities of nanostr
Chemistry (2016), http://dx.doi.org/10.1016/j.arabjc.2015.12.005PANIs have been synthesized, characterized and tested against various
gram negative (Shigella dysenteriae, Salmonella enterica, Klebsiella
pneumoniae, Pseudomonas aeruginosa, Escherichia coli) and gram pos-
itive bacteria (Staphylococcus aureus, Streptococcus pyogenes, Bacillus
subtilis, Enterococcus faecalis) and fungus Candida albicans. The mech-
anism of bactericidal activities of PANIs are also discussed.
2. Materials and methods2.1. Materials
The monomer aniline (BDH) was freshly distilled and collected
at its boiling point (184 C) and stored in a vacuum desiccator.
Picric acid and 3,5-dinitrobenzoic acid (Sigma Aldrich) were
recrystallized from water. Hydrochloric acid, ammonium per-
oxydisulfate (APS) and ammonium hydroxide were purchaseductured polyanilines doped with aromatic nitro compounds. Arabian Journal of
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Figure 1 FT-IR Spectra of polyaniline emeraldine salts and base. (a) PANIPI, (b) PANIDN, (c) PANICl and (d) PANIEB.
Antimicrobial activities of nanostructured polyanilines doped with aromatic nitro compounds 3from Merck. Solvents of analytical grade such as dimethylsul-
foxide (Merck), ethanol (SRL), acetone (BDH), diethyl ether
(Loba chemie) and hexane (Merck) were used in the present
work.
2.2. Microorganisms and culture media
Bacterial and fungal cultures were obtained from microbial
type culture collection (MTCC) and gene bank, Institute for
Microbial Technology, Chandigarh, India. Gram negative
bacteria such as S. dysenteriae (MTCC 1457), S. enterica
(MTCC 3219), K. pneumoniae (MTCC 4030), P. aeruginosa
(MTCC 1748) and E. coli (MTCC 2842) and gram positive
bacteria such as S. aureus (MTCC 3160), S. pyogenes (MTCCPlease cite this article in press as: Dhivya, C. et al., Antimicrobial activities of nanostr
Chemistry (2016), http://dx.doi.org/10.1016/j.arabjc.2015.12.0051927), B. subtilis (MTCC 2274), E. faecalis (MTCC 439) and
fungus C. albicans (MTCC 1637) were used as the antimicro-
bial test strains. Microbial culture media ingredients such as
peptone, yeast extract, NaCl, agar agar and potato dextrose
agar were obtained from Himedia Laboratories Pvt. Ltd.
2.3. Synthesis of aromatic nitrocompounds doped PANIs and
PANICl
Acids (picric acid, 3,5-dinitrobenzoic acid or hydrochloric acid)
doped PANIs were synthesized directly by adding aniline
(0.1 M) in aqueous solution of acids (0.1 M) followed by the
drop wise addition of APS (0.1 M) with continuous stirring
for 2 h magnetically at 0–5 C (Dhivya et al., 2013). Completeuctured polyanilines doped with aromatic nitro compounds. Arabian Journal of
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Figure 2 Powder XRD patterns of polyaniline emeraldine salts and base. (a) PANIPI, (b) PANIDN, (c) PANICl and (d) PANIEB.
4 C. Dhivya et al.polymerization was ensured visibly by the change in the color of
the solution from yellow to purple, blue and green in the end.
The dark green colored PANIs formed was filtered and repeat-
edly washed with distilled water to remove excess acid content.
The green powder was ultrasonically stirred repeatedly with
ethanol, acetone, diethyl ether and hexane until a free flowing
powder of the pristine polymer was obtained. The polyaniline
emeraldine salts doped with acids were dried in an oven at about
100 C for 4 h till constant weights were obtained.2.4. Preparation of polyaniline emeraldine base (PANIEB)
PANICl (0.1 g) was ultrasonically stirred with NH4OH
(0.1 M) solution for 4 h at ambient temperature. The resulting
blue slurry obtained was filtered, and washed with aqueous
NH4OH solution, followed by distilled water and acetone.
The blue colored PANIEB powder was dried and used for fur-
ther studies.
2.5. Structural characterization and Morphological analysis
2.5.1. FT-IR spectroscopy
FT-IR spectra of all PANIs were recorded as KBr pellets on a
Perkin Elmer RXI FT-IR spectrophotometer.
2.5.2. Powder X-ray diffraction (XRD)
Powder X-ray diffraction measurements were made with a
Rigaku Ultima III X-ray diffractometer using Cu Ka target
(k= 1.5418 A˚) at a scanning rate of 10 per min.Please cite this article in press as: Dhivya, C. et al., Antimicrobial activities of nanostr
Chemistry (2016), http://dx.doi.org/10.1016/j.arabjc.2015.12.0052.5.3. Scanning electron microscopy (SEM)
SEM micrographs of PANI salts at different magnifications
were recorded using JEOL JSM-5600LV Scanning Electron
Microscope. Fe-SEM micrographs of PANIDN were obtained
using JEOLJSM-5610LV field emission scanning electron
microscope. The PANI samples were gold coated for 1 min
using a magnetron sputter coater before SEM analysis.
2.5.4. UV–Visible spectroscopy
UV–Visible spectra of the PANI solutions in DMSO
(1 mg/25 ml) were recorded in the region 300–1100 nm using
Perkin–Elmer Lambda 25 spectrophotometer.
2.6. Antimicrobial assay
All the test bacteria were grown in nutrient agar medium
and incubated at 37 C for 24–48 h followed by frequent
subcultures in fresh nutrient broth medium and were used as
test bacteria. The fungus was grown in potato dextrose agar
(PDA) medium, incubated at 25 C for 48–72 h followed by
periodic subculturing in fresh mycological broth medium and
was used as test fungus.
Antibacterial and antifungal activities of PANIs in DMSO
solvent were tested against various bacteria and fungus by agar
well diffusion method (Perez et al., 1990). For antibacterial
studies, nutrient agar medium was prepared by using peptone
(5.0 g), beef extract (1.5 g), yeast extract (1.5 g) and NaCl
(5.0 g) in 1000 ml of distilled water and the pH was adjusted
to 7.0 and agar (20 g) was added to the solution. PDA was
used for the antifungal studies. The agar media were sterilizeductured polyanilines doped with aromatic nitro compounds. Arabian Journal of
Figure 3 SEM micrographs of polyaniline emeraldine salts and base. (a) PANIPI, (b) PANIDN, (c) PANICl and (d) PANIEB.
Antimicrobial activities of nanostructured polyanilines doped with aromatic nitro compounds 5in aliquots of 15 ml at a pressure of 15 lbs for 15 min. The
nutrient agar media were transferred into sterilized petri dishes
in a laminar air flow unit (Klenzaids, Chennai). After solidifi-
cation of the media, the standardized test culture suspensions
(test culture suspensions were prepared in sterile 0.85% saline
matching an optical density of 0.5 M McFarland standards
corresponding to 108 CFU ml1) were swabbed on the petriPlease cite this article in press as: Dhivya, C. et al., Antimicrobial activities of nanostr
Chemistry (2016), http://dx.doi.org/10.1016/j.arabjc.2015.12.005plates which has agar as the nutrient source. The plates were
punctured as four wells each of 6 mm in each petri dish with
the help of a sterile cork borer. To this plate, one drop of vary-
ing dilutions of PANIs in DMSO (25, 50 75, 100 lg ml1) was
added using a micropipette and incubated for 48 h at 37 C in
the incubation chamber. Average zone diameters were mea-
sured using Intech antibiotic zone reader (model IN-1215).uctured polyanilines doped with aromatic nitro compounds. Arabian Journal of
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Figure 4 UV–Visible spectra of polyaniline emeraldine salts and
base in DMSO. (a) PANIPI, (b) PANIDN, (c) PANICl and (d)
PANIEB.
6 C. Dhivya et al.All the experiments were done thrice and average readings
were considered. A set of assay medium containing only inoc-
ulated medium was kept as negative control and likewise sol-
vent controls were also done simultaneously.
3. Results and discussion
PANI salts from aniline, picric acid, 3,5-dinitrobenzoic acid,
hydrochloric acid and APS are prepared by chemical oxidative
polymerization as in Scheme 1a. Dedoping of PANICl to
PANIEB is depicted in Scheme 1b.
3.1. FT-IR spectral analysis
The FT-IR spectral analysis of PANIs (Table 1), has revealed
that the vibrational peaks around 3400–3200 cm1 correspond
to NAH stretching vibrations, while the CAH stretching vibra-
tions are observed around 3100–2800 cm1. The broad band in
the region 2800–2300 cm1 interspersed with several small
vibrational peaks (Fig. 1a–c) indicates the presence of iminium
sites with dopant ions on PANI matrix (Chan et al.,
1992,1993). The peak at 1708 cm1 in PANIDN (Fig. 1b) cor-
responds to the C‚O stretching of the dopant 3,5-
dinitrobenzoic acid. The characteristic vibrations around
1590–1560 cm1 and 1500–1490 cm1 indicated the signatures
of the PANI backbone, arising due to the stretching modes of
the quinoid and the benzenoid rings (Chan et al., 1993; Guo
and Zhou, 2007). The peaks around 1300 cm1 are due to
the strong aromatic CAN stretching vibrations in PANI
(Kuramoto and Genies, 1995; Sedenkove et al., 2006). In
PANIPI and PANIDN, the NO2 stretching vibrations are
merged with the CAN stretching band of PANI (Table 1). In
the lower frequency regions, the peaks at around 1100–
1160 cm1 are due to the aromatic CAH in-plane deformation
(Stejskal et al., 1998). The broad intense band at this region is
described as the ‘‘electronic-like band” (Li et al., 2010) and is
considered to be a measure of the degree of delocalization of
electrons. The intense band around 790–830 cm1 is generallyPlease cite this article in press as: Dhivya, C. et al., Antimicrobial activities of nanostr
Chemistry (2016), http://dx.doi.org/10.1016/j.arabjc.2015.12.005assigned to the out-of-plane bending mode of aromatic CAH
groups in 1,4-disubstituted aniline units (Zhang, 2007). This
indicates the head-to-tail coupling in PANI. The bending
vibrations are observed as three distinct bands around 800,
700 and 500 cm1. In PANICl (Fig. 1c), the bending vibra-
tional mode due to the chloride ions, is merged with the bend-
ing vibrations of the PANI backbone at 503 cm1. In PANIEB
(Fig. 1d), the peaks around 2800–2300 cm1 are absent imply-
ing the complete removal of dopant ions from the polymer
matrix. Further, the stretching and bending vibrations around
1600–500 cm1 in PANIEB are red shifted compared to
PANICl implying the removal of chloride ions by NH4OH
from PANICl matrix.
3.2. Powder XRD analysis
The sharp XRD peaks of PANI salts doped with nitro com-
pounds such as picric acid and 3,5-dinitrobenzoic acid, indi-
cate high degree of crystallinity as can be evidenced by the
peaks centered at 2h values of 20 and 30 (Fig. 2a and b).
The strong intensities of the peaks indicate short-range order
of the counter-ions along the polymer chain of the PANI salts
(Jia et al., 2012). The average sizes (D) of PANIs are calculated
using Debye Scherrer’s Eq. (1),
D ¼ 0:9k=b cos h ð1Þ
where k is the wavelength of Cu Ka radiation, b is the full
width at half maximum of peak with maximum intensity and
h is the Bragg’s angle. The average crystalline domain sizes cal-
culated using Debye Scherrer’s equation are 2–9 nm, 20–
30 nm, 20–40 nm and 20–70 nm for PANIPI, PANIDN,
PANICl and PANIEB respectively. For PANIEB and
PANICl, a broad scattering centering around 20–30
(Fig. 2c and d) is obtained. However, the peak patterns
(Fig. 2a–d), indicate that when nitro compounds are doped,
PANI salts obtained are more crystalline compared to
PANIEB and PANICl.
3.3. SEM analysis
The crystalline nature of PANIPI and PANIDN is corrobo-
rated by the SEM micrographs (Fig. 3a and b). The SEM anal-
ysis reveals that the sizes of all PANIs are in the range of
nanometer and exist as agglomerated structures. The PANI
salts (Fig. 3a–c) exhibit a granular morphology with better
cohesion and higher aggregation than PANIEB (Fig. 3d).
The presence of dopant ions has been known to impart
hydrophilicity and solubility to PANI (Paul and Pillai, 2000).
The SEM picture of PANIEB (Fig. 3d) shows that the grains
are loosely packed and distinguishable in nature as a result
of which it may be hydrophobic (Pouget et al., 1991). From
the XRD and SEM results, it is clearly evident that fibrous
and planar structures are present in PANI.
3.4. UV–Visible spectral analysis
The UV–Visible absorption spectra of PANIs (Fig. 4a–d) gen-
erally depend on the level of doping, extent of conjugation,
nature of the polymer and solvent (Roy et al., 2002). PANIEB
exhibits two bands around 330–360 nm and 600 nm character-
istic of two chromophores, representing emeraldine oxidationuctured polyanilines doped with aromatic nitro compounds. Arabian Journal of
Figure 5 Zone of inhibitions on petri plates by well diffusion method against Shigella dysenteriae (A) and Staphylococcus aureus (F). (a)
PANIPI, (b) PANIDN, (c) PANICl and (d) PANIEB.
Antimicrobial activities of nanostructured polyanilines doped with aromatic nitro compounds 7states with y= 1, y= 0.5 (Samui et al., 2002). The absorption
peaks around 330–360 nm are attributed to the p–p* transi-
tions in the aromatic rings. The absorption bands around
600–650 nm correspond to the intramolecular electronic tran-
sitions between quinoid and benzenoid units (Sindhimeshram
and Gupta, 1995). When PANI is doped with acids, the qui-
noid bands exhibit hypochromism as shown in Fig. 4a–c indi-
cating the presence of random coil configuration in PANI
salts. The characteristic low wavelength polaron bands around
400–440 nm due to the conductive form of PANIs are
observed only with PANI salts. In all the PANI salts, besides
these peaks a small free electron absorption tail is observed
in the region of 800–1100 nm.Please cite this article in press as: Dhivya, C. et al., Antimicrobial activities of nanostr
Chemistry (2016), http://dx.doi.org/10.1016/j.arabjc.2015.12.0053.5. Antimicrobial studies
To explore the antimicrobial activities of PANIPI, PANIDN,
PANICl and PANIEB agar well diffusion method (Fig.5) is
adopted. The average values of zone of inhibition diameter
and minimum inhibitory concentration (MIC) values obtained
from three experiments are presented in Table 2. It is interest-
ing to note that as the concentrations of PANIs are increased
from 25 lg ml1 to 100 lg ml1, the zone of inhibitions
increased from 10 to 24 mm (Figs. 6–8). It has been observed
by earlier workers (Chohan and Nasser, 2007) that strong
activity is exhibited by synthetic compounds when the zone
of inhibition is greater than 16 mm; during moderate activityuctured polyanilines doped with aromatic nitro compounds. Arabian Journal of
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Figure 6 Antibacterial activities of polyaniline emeraldine salts and base against gram negative bacteria. Error bars show the standard
deviation (S.D = 0.1–0.25) of 3 replicated data.
8 C. Dhivya et al.the zone of inhibition lies in the range of 10–16 mm, while for
weak activity it is reported to be less than 10 mm.
3.5.1. Antibacterial properties of PANIs
The susceptibility of bacteria against PANIs is species depen-
dant. The antibacterial activities observed in the current study
for PANIPI, PANIDN, PANICl and PANIEB are evaluated
from the zone of inhibition diameter andMIC values (Table 2).
The PANIs at 100 lg ml1 concentration exhibited maximum
zone of inhibition diameter of 14–24 mm (Table 2) tested for
the gram negative and gram positive bacteria and hence the
as-prepared PANIs synthesized in the present work can be
considered to possess strong antibacterial activities (Chohan
and Nasser, 2007).Please cite this article in press as: Dhivya, C. et al., Antimicrobial activities of nanostr
Chemistry (2016), http://dx.doi.org/10.1016/j.arabjc.2015.12.0053.5.2. Antibacterial activities of PANIs on gram negative
bacteria
S. dysenteriae is inhibited strongly (18–20 mm) by PANI salts
while PANIEB showed only a moderate activity (14 mm) at
the maximum concentration tested (100 lg ml1, Fig. 9a).
The growth of S. enterica another rod shaped gram negative
bacteria closely related to S. dysenteriae is inhibited by all
the PANIs with inhibitory zone diameter lying in the range
from 17 to 19 mm (Table 2). K. pneumoniae, a causative agent
for many respiratory infections is also inhibited by the PANIs
strongly (16–17 mm). It is surprising to find that the growth of
P. aeruginosa, a multidrug resistant bacteria is inhibited
strongly by PANIEB (19 mm) even though it is hydrophobic
in nature. The MIC values for S. dysenteriae, S. enterica anductured polyanilines doped with aromatic nitro compounds. Arabian Journal of
Table 2 Antimicrobial and antifungal activities of polyaniline emeraldine salts and base (PANIX) at different concentrations.
Strains Zone of inhibition diameter (mm)a
25 (lg ml1) 50 (lg ml1) 75 (lg ml1) 100 (lg ml1)
PANIX
PI DN Cl EB PI DN Cl EB PI DN Cl EB PI DN Cl EB
Gram negative bacteria
A 14 11 16 11 15 13 18 12 17 14 19 13 19 18 20 14
B 10 13 10 13 13 15 11 15 17 16 14 16 19 17 17 18
C 10 12 11 11 13 13 13 12 15 14 14 13 17 16 17 14
D – – 11 11 10 – 12 13 11 12 15 14 14 14 17 19
E – – – 13 14 13 11 14 15 14 11 15 18 20 13 16
Gram positive bacteria
F 13 12 11 11 14 13 12 13 15 14 14 14 17 15 19 17
G – – 10 11 12 12 13 13 14 14 14 14 17 16 16 16
H – 12 12 12 12 13 14 13 13 14 14 14 14 15 15 16
I – 12 12 13 11 15 16 13 12 20 18 15 13 24 19 16
Fungus
J 10 – 11 11 13 14 12 12 14 15 14 12 17 17 16 13
PI – PANIPI, DN – PANIDN, Cl – PANICl, EB – PANIEB.
A – Shigella dysenteriae, B – Salmonella enterica, C – Klebsiella pneumoniae, D – Pseudomonas aeruginosa, E – Escherichia coli, F – Staphy-
lococcus aureus, G – Streptococcus pyogenes, H – Bacillus subtilis, I – Enterococcus faecalis, J – Candida albicans.
a strong activity >16 mm, moderate activity 10–16 mm, weak activity <10 mm.
Antimicrobial activities of nanostructured polyanilines doped with aromatic nitro compounds 9K. pneumoniae of all the PANIs are less than 25 lg ml1
(Fig. 6A–C). MIC needed for inhibiting P. aeruginosa bacteria
is 50 and 75 lg ml1 of PANIPI (Fig. 6D2) and PANIDN
(Fig. 6D3) respectively. The MIC for E. coli needed is
50 lg ml1 of PANICl, PANIPI and PANIDN (Fig. 6E1)
while the MIC of PANIEB (Fig. 6E2) is less than 25 lg ml
1.3.5.3. Antibacterial activities of PANIs on gram positive
bacteria
The gram positive bacteria, S. aureus is inhibited by PANICl
and PANIPI with inhibitory zone of 17 and 19 mm respec-
tively (Table 2, Fig. 9b) at 100 lg ml1. At this concentration,
PANIDN exhibited lower activity with the zone of inhibition
diameter of 15 mm. The bacterial strains such as S. pyogenes
and B. subtilis are inhibited by all the PANI salts and base
(14–17 mm) to the same extent. An important finding of this
work is the maximum inhibitory zone diameter of 24 mm at
100 lg ml1 (Table 2) observed for PANIDN against E. fae-
calis among all PANI salts implying that reactions of 3,5-
dinitrobenzoic acid with the contents of the cell sap occur
effectively. At this concentration, a zone of inhibition of
16 mm is found against all the bacterial strains when PANIEB
is used. All the PANIs exhibit a MIC of less than 25 lg ml1
(Fig. 7F) for S. aureus. The growth of S. pyogenes is prevented
by PANIPI and PANIDN at a MIC of 50 lg ml1 (Fig. 7G2).
The growth of B. subtilis and E. faecalis is prevented by
PANICl and PANIDN at a MIC less than 25 lg ml1
(Fig. 7H and I) while PANIPI is effective only at a concentra-
tion of 50 lg ml1 (Fig. 7).
In the present work, the zone of inhibition (11–13 mm)
obtained for PANIs against the S. aureus at 25 lg ml1 is
higher than that reported for PANI and PANI-mupirocin
(7.3 and 7.6 mm) at 30 lg ml1 by earlier workers (JotiramPlease cite this article in press as: Dhivya, C. et al., Antimicrobial activities of nanostr
Chemistry (2016), http://dx.doi.org/10.1016/j.arabjc.2015.12.005et al., 2012). A PANI composite with Ag and polyvinyl alcohol
(Ghaffari-Moghaddam and Eslahi, 2014) has been reported to
have a inhibition zone of 8–15 mm and 7–12 mm for S. aureus
and E. coli respectively at 40 lg ml1, whereas in the present
work, PANIs exhibit a higher inhibition diameter of 12–14
and 11–14 mm for the same species at 50 lg ml1. Moreover,
the results of PANIs obtained in the present work by the well
diffusion method agree closely with the results of the colony
forming reduction method reported by Seshadri and Baht
(2005). Hence, from the merits of the results obtained, the
as-prepared PANIs and PANIEB possess good antibacterial
efficacies.
The cell walls of different types of microbes may not be the
same. Primarily gram-positive and gram-negative bacteria are
categorized on the basis of cell wall structures. Gram negative
bacteria contain a lipopolysaccharide layer at the exterior, with
a thin layer (7–8 nm) of peptidoglycan present below the
lipopolysaccharide layers (Madigan and Martinko, 2005).
Thus gram negative bacteria that are rich in negatively charged
lipopolysaccharides (Salton et al., 1996) can attract the PANI
chains. PANI chains with positive imino sites bind to the neg-
atively charged outer walls of the cells (Scheme 2). The PANI
chains anchor to the cell walls at several sites and cause dam-
age to the membrane, by changing the potential gradients
across the ion channels present on the cell membranes. On
the other hand, gram-positive bacteria are composed of a thick
layer (20–80 nm) of peptidoglycan, consisting of linear
polysaccharide chains cross-linked by short peptides to form
a three dimensional rigid structure (Baron, 1996). The rigid
and extended crosslinking not only endows the cell wall with
fewer anchoring sites for the PANIs but also makes it difficult
for the dopant ions (X) to penetrate. Thus, the growth of
gram negative bacteria is inhibited to a greater extent com-
pared to gram positive bacteria.uctured polyanilines doped with aromatic nitro compounds. Arabian Journal of
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Figure 7 Antibacterial activities of polyaniline emeraldine salts and base against gram positive bacteria. Error bars show the standard
deviation (S.D = 0.1–0.25) of 3 replicated data.
10 C. Dhivya et al.3.5.4. Antifungal properties of PANIs
PANI salts are also effective against the fungus C. albicans.
For PANICl, the average zone inhibition diameter is 16 mm
(Table 2) at 100 lg ml1. For PANIPI and PANIDN, it is
17 mm. Nitro compounds doped PANIs are more effective
than PANICl at 100 lg ml1 (Fig. 9c). For PANIEB, inhibi-
tory zone diameter is 13 mm only. Thus it can be inferred that
the antifungal properties of PANI salts are higher than
PANIEB. The MIC values required for PANIDN are found
to be 50 lg ml1 (Fig. 8J2) compared to other PANIs
(<25 lg ml1, Fig. 8J1).
In the well diffusion technique, the zone of inhibition is
considered for comparing the efficacy of PANI salts. ThePlease cite this article in press as: Dhivya, C. et al., Antimicrobial activities of nanostr
Chemistry (2016), http://dx.doi.org/10.1016/j.arabjc.2015.12.005efficiency of PANI salts against gram negative bacteria
S. dysenteriae determined from average zone of inhibition
values follows an order of PANICl > PANIPI > PANIDN
> PANIEB implying that PANI emeraldine salts are strongly
active compared to PANIEB. Among the hydrophilic PANI
salts, PANICl is strongly active due to the presence of small
dopant chloride ions compared to large nitro compounds as
it can penetrate the cell membrane easily. As PANIEB is
hydrophobic it is less active. The bacterial cells tend to show
greater adhesion and more proliferation on more hydrophilic
surfaces and the cell proliferation increases with increasing sur-
face hydrophilicity (Nam et al., 2014). Thus, in consonance
with earlier workers, PANI salts being more hydrophilic are
found to exhibit greater zone of inhibition than PANIEBuctured polyanilines doped with aromatic nitro compounds. Arabian Journal of
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PANI-3,5-dinitrobenzoate and 3,5-dinitrobenzoic acid at
100 lg ml1. A – Shigella dysenteriae, B – Salmonella enterica, C
– Klebsiella pneumoniae, D – Pseudomonas aeruginosa, E –
Escherichia coli, F – Staphylococcus aureus, G – Streptococcus
pyogenes, H – Bacillus subtilis, I – Enterococcus faecalis, J –
Candida albicans. Error bars show the standard deviation (S.
D = 0.1–0.25) of 3 replicated data.
12 C. Dhivya et al.which is hydrophobic in nature. On comparing the activities of
PANIs prepared in this work with picric acid derivatives and
the standard antibacterial drug, streptomycin (Sheth et al.,
2010), a higher zone of inhibition is observed for PANIs.
PANIs also exhibit comparable activity similar to piperazine
derivatives and the standard antifungal drug miconazole
(Thriveni et al., 2014) indicating that PANIs possess good anti-
fungal properties.
3.5.5. Comparison of antimicrobial activities of PANIDN and
3,5-dinitrobenzoic acid
Acids are known to be effective bactericidal compounds
(Cunha et al., 2007). In this work, 3,5-dinitrobenzoic acid is
also used as an antimicrobial agent and the zone of inhibition
produced by the free acid is compared with PANIDN. The
zone of inhibition diameter (Table 3) for free acid is almost
twice than that of the polymer at 100 lg ml1 (Fig. 10). The
lower activity of PANIDN may be due to the slow release of
3,5-dinitrobenzoic acid from the polymer matrix even thoughTable 3 Comparison of antimicrobial activities of polyaniline-3,5-d
Strains Zone of inh
25 (lg ml1) 50 (lg ml1)
PANIDN DNBA PANIDN DNBA
Gram negative bacteria
A 11 16 13 19
B 13 13 15 21
C 12 14 13 18
D – 14 – 16
E – 17 13 20
Gram positive bacteria
F 12 15 13 20
G – 11 12 16
H 12 16 13 18
I 12 13 15 18
Fungus
J – 16 14 19
DNBA – 3,5-dinitrobenzoic acid.
A – Shigella dysenteriae, B – Salmonella enterica, C – Klebsiella pneumo
lococcus aureus, G – Streptococcus pyogenes, H – Bacillus subtilis, I – En
Please cite this article in press as: Dhivya, C. et al., Antimicrobial activities of nanostr
Chemistry (2016), http://dx.doi.org/10.1016/j.arabjc.2015.12.005PANIDN has two reactive 3,5-dinitrobenzoate molecules as
dopant ions on the imino sites.
3.5.6. Mechanism of bactericidal activity
The mechanism of antibacterial effects of PANI (Scheme 2)
arises due to two independent phenomena. PANI chains are
positive in the salt form and neutral in the base form. Both
the positively charged chains and the PANIEB forms can
affect the cell membranes. In the first step, PANI matrix bind
to the cell walls through electrostatic interactions (Shi et al.,initrobenzoate and 3,5-dinitrobenzoic acid.
ibition diameter (mm)
75(lg ml1) 100 (lg ml1)
PANIDN DNBA PANIDN DNBA
14 25 18 30
16 25 17 28
14 21 16 26
12 18 14 21
14 23 20 26
14 24 15 31
14 21 16 27
14 21 15 24
20 22 24 27
15 25 17 30
niae, D – Pseudomonas aeruginosa, E – Escherichia coli, F – Staphy-
terococcus faecalis, J – Candida albicans.
uctured polyanilines doped with aromatic nitro compounds. Arabian Journal of
Antimicrobial activities of nanostructured polyanilines doped with aromatic nitro compounds 132006; Gizdavic-Nikolaidis et al., 2011) and get anchored to the
cell walls at several sites on the membranes (Scheme 2). The
ion channels present on the cell wall experience a change in
the potential gradient as a result of which the normal influx
and efflux of electrolytes are disturbed (step 2). It is well estab-
lished that PANI materials are highly electroactive at low pH
values (Syed and Dinesan, 1991). Thus PANIs bring about a
change in the pH levels of the cell due to the release of the
dopants. The permeability of the cell membranes on the bacte-
rial cells is affected. The released dopant ions (picrate, 3,5-
dinitrobenzoate, chloride) from the PANI matrix (Deepa
et al., 2014; Dhivya et al., 2014) penetrate the semi-
permeable membranes and disturb the functions of the ion-
gates. The dopant ions react with enzymes, amino acids,
nucleic acids, DNA and electrolytes present in the cell sap
and may alter the cell composition leading to cell lysis.
The properties of PANIs can be tuned via molecular archi-
tecture and are thus suitable candidates for preparing diverse
antimicrobial drugs. Electrochemical switching property of
PANI helps in the movement of dopant ions in and out
of the cell membranes. Further, the unique redox properties
of PANI, result in controlled ionic transport through the poly-
mer membrane to the cells leading to enhanced antimicrobial
effects.
4. Conclusions
PANI salts such as PANIPI, PANIDN, PANICl and PANIEB are
synthesized by chemical oxidative polymerization and spectral charac-
terizations are made to understand the nature of the dopants in PANI
salts. SEM images and powder XRD reveal the crystallinity and the
nano size of the PANI salts. In vitro antimicrobial studies against five
gram negative bacterial strains, four gram positive bacterial strains and
the fungus C. albicans indicate strong reactivity of hydrophilic PANI
salts. PANI salts have been suggested to bring about cell lysis by initial
binding to the cell walls followed by the reactions of the dopant ions
with the cell components. On the other hand, PANIEB that has the
maximum peak intensity at 600 nm in the UV–Visible spectra is found
to be amorphous and hydrophobic as evidenced from powder XRD.
Hence it may bind to the cell walls less effectively and cause lower reac-
tivity compared to PANI salts. PANIDN produces lower inhibitory
zones compared to 3,5-dinitrobenzoic acid. Our findings suggest that
PANI salts can be used in drug delivery systems for the slow release
of drugs and in tissue implants.
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